In order to beller characterize thermi stors, a group of 405 bead-in-glass and di sc thermi stors were aged in constant tempe rature baths. Samples of 135 thermistors were aged in eac h of three consta nt temperatu re baths held at 0, 30, a nd 60 0c. Eac h sample was composed of 65 bead-in-glass and 70 disc the rmi stors whi ch represented a total of six manufacturers and s ix resistance values. The the rmi stors were maintained at tempe rature for 550 to 770 days and their resistances and the bath te mperatures were periodically moni tored.
Introduction
The use of thermistors has grown rapidl y over the past fe w years and thermistors are now used in a wide vari ety of industries. In some cases, e.g. , in the medi cal instrume ntation industry, in clini cal Laboratories, a nd in other biomed ical appli cations, they playa c ri ti ca l role in cruc ially important diagnostic procedures . In spite of their wid espread use and in spite of th e fac t th at they a re used in vitally important cl inical applicati ons, they have not heretofore been adequately characterized with regard to their stabilit y while be ing maintained at a fixed te mpera ture or to the ir stabi lity upon the rmal cycling. In order to remedy thi s situation, especially in regard to the ir use by the biomedi cal community , we undertook a progra m to investigate th e behavior of a large number of thermi stors obta ined from the major manufac turers. In thi s paper we report the results of an i nvesti gation of the stability of th ermi stors while they were be ing maintained at a fixed te mpe rature .
of te mpe rature for a typ ical th e rmistor is show n in figure l. The re we see that th e simple exponential is not ad equate and that more terms are needed in the expone nt to completely describe th e resistance-tempe rature relationship [1 -4] . ' Although of intrinsic inte rest, the developme nt of a more complete resistance-temperature relationship is beyo nd the scope of this paper.
Thermistors are ceramic semiconductors which exhibit large changes in resistance with changes in tem perature. In this article, we shall consider only those thermistors whic h are composed of metal oxides and whic h have large, negative temperature coeffi cients of resi stance. Among the advantages of thermistors are that they can be mad e small enough to be inserted into a cuvette or into a patient; they are rugged enough to withstand use by untrained personnel and they are sensitive e nough that sophisticated measuring equipme nt is not needed. In addition, they a re relatively inexpensive.
Thermistors are very non-linear in th eir response to temperature. To a first approximation, the res istan ce, R , of a thermistor obeys the relation (l) where R 0 is the resistance at To , f3 is a consta nt, and T is in kelvins. A graph of the logari thm of resistance as a function All of the commerciall y avai lable form s of thermi storsdiscs, beads, rods, was hers, and fl akes -may be made from th e same mate rial and the refore obey th e same resis tancetemperature relati onship . Because we c hose to stud y beadin-glass (he re inafter referred to as bead) a nd di sc th ermi stors as representative of all thermistors, we will discuss th e construction of only these two types. Both beads and discs are prepared from a mixture of me tal oxides, predominantly those of Mn and Ni, to which are added dopants (usually glass or oxides of Cu, Co, or Fe) to adjust the final resistance of the unit. For beads, the oxide mixture is added to a bind er to create a slurry, a drop of whic h is placed across two taut lead wires. The bead is then dried and sintered, its leads are trimmed, and it is then coated with glass and heat treated. For di scs, the oxide mixture is usuall y compressed under high pressure. The resulting pe llet is si ntered and its flat faces are coated with a paste consisting of silver and glass . The paste is fired, lead wires are soldered to the silvered faces with a tin-lead solder, and then the unit is heat treated . For discs, the resistance behaves much like that of a wire resistor (the resistance is proportional to the thickness and inversely proportional to the cross-sectional area of the disc) while for the beads, th e resistance d epends on a complex set of CUlTent paths between the two embedded lead wires. During sintering, the value of f3 (see eq 1) is fixed for both beads and discs. Thus, after sintering, the manufacturer can change the value of a thermistor's resistance by changing its size and shape but he cannot change its temperature coeffi c ie nt, a [a = (l/R)(dR/dT) = -f3JT2].
Experimental Aspects

Thermistors Selected for Investigation.
Bead and disc thermistors were selected for the study because they are the most widely used by th e medical industry, because they are representative of all forms of thermistors, and because the ir manufacture involves very different processes. Included in this study were resistance values which the medical in strumentation industry and clinical laboratories would find useful. For a given resistance value, we tried to assure that all of the thermistors had closely matched resistance-temperature characteristics betwee n 0 and 125°C. This was accomplished by c hoosing thermistors whose values of f3 were nearly id entical. This was most important for the thermistors whose resistances at 25°C are 5, 10 and 15 kil. These units can be made from either a high resistance oxide mixture to whic h are added resistance reducing dopants or a low resistance oxide mixture to which are added resistance increasing dopants. The 5, 10, 15 and 30 kil thermistors were made from a high resistance oxide mixture. The 1 and 2 kil thermistors were mad e from a low resistance oxide mixture.
As a final criterion, we selected those manufacturers which sell large numbers of thermistors to medical instrument manufacturers and clinical laboratories. While not all thermistor manufacturers were included, the six we chose represent the bulk of bead and disc sales in the United States. They are listed in table 1. The final choice of thermistor resistance values and the number of manufacturers for each value are shown in table 2.
Equipment
Three commercially available constant temperature baths were used in these experiments and they were similar in construction. Each bath was 55 x 35 x 35 c m in size and held approximately 60 L of non-conductive oil. There was a co-axial coil in each bath which served two purposes -the coolant from a small refrigeration unit circulated through the inner tube and th e outer tube was the heater. This meant that the heating and cooling systems were in intimate contact and could work with each other smoothly, thereby producing be tter control of the temperature. The baths were stirred constantly b y use of propellers and a stirring motor which produced the flow pattern shown in figure 2. In addition, there were shallow ( -1 c m) vertical baffles along the sides of th e bath to insure the circulation of the oil at the edges toward the ce nter. By means of a commercially available controller, the te mpe rature of each bath was controlled to within ±2 mK of its set point over the course of a day. The baths were chec ked for uniformity with a 25.5 il platinum resistance thermometer. In horizontal planes 5.5 and 8 cm below the oil level of the bath, the large st nonuniformity occurred in the center of the bath where the oil is drawn down over the heating/cooling coil. At that position, the oil was approximately 2 mK colder than that at the sides of the bath. Temperature gradients along a vertical line were measured at the position of the platinum resistance thermometer (see fig. 2 ). The results of this check are given in table 3. Because the initially install ed bath fluid s we re non-conducting, the thermistor lead juncti ons we re not elec tri call y insulated from the fluid . Each of the two lead wires from the thermistor was connected to a c urre nt and a pote ntial lead whi ch went through a selector switc h (see below) to a resistance bridge. Shrink abl e insulati on was put on each junction to provid e mechani cal stre ngth and to pre ve nt short circuits.
Two problems were enco untered whi c h we re unique to th e o °C bath . The first was a gradual accumul ati on of water in the bath fluid whi c h was di scove red when th e accumulated ice on the heatin g/cooling co il seve rely inhibited te mperature control. Read ings we re tempora ril y s topped aft er set .35 (elapsed day 2.32) while th at wate r was re moved (a set is defin ed throughout thi s paper as a comple te measure ment of the 1.35 th ermistors and ge nerall y e ncompasses one or two days of e ffort). Approximately 600 mL of water were removed from the 60 L ba th . Although wa ter is not misc ible with the bath fluid , it did circulate because of the stirring and some water collected in the shrinkable insula tion surrounding th e lead juncti ons. This wate r s hould have had the effect of shunting th e thermistors since th e ir lead wires were not electrically insulated. The wa ter in the in sul ati on was removed by manual flu shing with an oil-fill ed sy ringe. Aft er the bulk of the water had been removed , the ba th flu id was pumped through a calc ium sulfate d ryin g column and through a filterin g funn e l whenever measure ments we re not being taken. In addition, the ba th li d was loosely sealed and th e nitroge n gas boil-off from a dewa r of liquid nitroge n was channeled into the gas space above th e fluid in th e ba th in an attempt to keep the bath dry . This syste m prevented furth e r wa ter from collec ting in the bath fluid. The second problem co ncern ed th e coll ecti on of minute particles in the insulation a round the lead juncti ons. It is not known wheth er they were a corros ion product from the sold er flux or residue from the dty ing column. Although most of the accumulated particles were re moved either mecha nically or by manually flu shing th e insulati on, th e filte ring funn el was put into the dry ing line to clean the fluid.
These problems manifested th emselves as a slow, asymptotic inc rease in resistance from some of th e thermistors during the measureme nts (especially those thermistors whose resistances at 25°C are 10 and .30 kfl). The increases occurred ove r periods of tens of minutes a nd wh e n the current was reversed the same increase was obse rv ed. It was thought that perh aps thi s was due to a s mall battery effect or contaminati on becau se of th e particles or th eir solution in water surrounding the lead junctions . Cleaning the lead junctions helped consid erably but did not always solve the problem.
Three 25 .5 fl standard platinum resistance thermometers (PRTs) were used to monitor the bath temperatures [5] . The PRT is a four-l ead device and thereb y the effects of lead resistance are eliminated. The resistances of the PRTs were measured with an a. c. resistance bridge (operating at 400 Hz) which was built at NBS [6] . The bridge measures the ratio of the resistance of a PRT to th at of a 100 fl standard resistor and its accuracy is stated to be .3 in th e eighth dial corresponding to approx imately 0.0.3 mK for a 25. 5 fl PRT. By this means also, res ista nces of th e three PRTs were checked periodically a t th e tri ple-po int-of-w ate r us ing th e a.c. resista nce bridge as a chec k on th e PRTs th e mselves .
Two commercially ava ilable syste ms we re used to measure thermistor res ista nces. The res ista nces of th ose thermi stors held at .30 a nd 60°C were measured with a d. c. current comparator whi ch measured th e rati o of th e thermis tor resistance to that of a stand ard resistor [7] . With thi s compa rator one mak es four-lead measureme nts for res ista nces less th an 10 kfl a nd two-te rminal measure me nts for res istances greater th an 10 kfl. Its stated inacc uracy is 2 in 10 7 plu s 1 step in th e e ighth di al (1 X 10-7 tim es th e valu e of the stand ard res istor).
The res istances of th e th ermi stors held at 0 °c were measured with a d. c. direct-reading res ista nce brid ge . Two three-lead measure ments, R I and R2 , were taken for each thermi stor a nd the result ave raged acco rdin g to th e followin g formul a:
wh ere S is th e value of th e " ran ge" res istor, a res istor in th e rati o a rm of th e brid ge. The stated inacc uracy of thi s brid ge is 0 .01 pe rce nt or 1 place in th e s ixth di al , whi c hever is greater.
The 1 kfl and 10 kfl stand ard res istors for th e c urrent comparator were ma intained in boxes whose tempera tures we re th e rm ostati call y co ntroll ed a nd whi c h remain ed consta nt to within ± O.OO.3 DC. The tempe ratures of the 100 fl standard res istors used with the a.c. brid ge a nd the current compa rator we re not co nt rolled but th e res is tors were used in a tempe rature controll ed roo m. In additi on, th ese res istors were th e rm ally lagged with several centime te rs of insulati on (o il or foam rubber) in ord er to keep te mperature flu ctu a ti ons small a nd slow. All of the standa rd resistors had nominal temperature coeffi cie nts of 1 ppmtC. The 1 kfl a nd 10 kfl stand ard res istors we re calibrated by the Electri cal Refe rence Standards Sec tion at NBS in Febmary, 19 74 . The resista nces of the 100 fl stand ard res istors were chec ked frequ entl y by measuri ng th em against th e 1 kfl stand ard resistor. Jus t before th e ex pe rim ent end ed , we obta ined two additional uncalibrated 100 fl stand ard res istors which were ke pt in constant te mpera ture boxes. Since the temperature controlled boxes re moved un certainties due to temperature flu c tu ation s in th e resistors, th ey we re used in place of the non-temperature-controlled 100 fl standard resistors for the last few sets of data at 0 °C. Their resistance values were checked agains t the 1 kfl standard resistor.
A switching arrangeme nt was used for the 1.35 thermistors in each of the three baths in order to avoid manually attaching each thermistor to the bridge when its res istance was to be measured. Heavy duty stepping switches were used and two switches were required to accommod ate th e 540 lead wires (4 leads x 135 thermistors) from each bath . The wipers of the six stepping switches were connected to a rotar y s witch which in turn was connected to the appropri ate measuring syste m. Because of th e large amounts of data involved and in ord er to eliminate transcription errors, the data were automatically record ed. The shafts of all the bridge switc hes were extended and additional switches were added to encode th e sw itc h positions. The data, thermistor measuring current, and standard resistor code were set manually on a bank of encoding switches. The curre nt comparator had been internally wired by the manufacturer to transmit switch positions. All of the encod ing switches were wired directly to a card punch. Each data card for the thermi stors held at 30 and 60 °e contained the date and bridge ratios for two thermistors with the ir associated PRT ratios, thermistor number (generated by the stepping switch) , measuring curre nt and standard resistor code. For the thermistors held at 0 °e, each card contained the date as well as the bridge settings and associated data for the two measure ments of eac h th ermistor. In addition to eliminating operator error, this data logging system saved vast amounts of time -several thousand data cards were ge nerated with little operator intervention .
Design of the Experiment
The basic design of the experiment was very straightforward . Five thermistors of eac h available manufacturer-bead/ disc-res istance combination (a total of 135) were placed in each of three constant temperature baths for approximately two years while their res istances were monitored. The nominal tempe ratures at which the baths were kept and the dates during which the thermistors were measured are given in table 4. The th ermistors were all received during July and August, 1973 and so had 9 to 19 months of ageing at NBS at room te mperature prior to the ex pe riment. The help of the NBS Statistical Engineering Laborato ry was sought to plan the placeme nt of the thermi stors in the bath in such a way as to maximize the information we could obtain about th e effects of posi tion in the bath on the drift rates and to assure th at major factors in the s tud y would not be affected by the minor factors . The center of the bath (which had a slightly cold zone) was avoided. Each bath lid contained openings as shown in fi gure 3 to accommodate the 135 thermistors (2 per hole) while avoiding the cold zone.
The major fa ctors to be consid ered in the design were constru cti on (bead or disc), manufacturer, and resistance value. The minor factors were row, column, quadran t, and edge versus center of th e ba th . Beads a nd di scs were uniformly di stributed throughout the bath. At least one thermi stor from eac h manufacture r was in eac h row and in each column. One eac h of the 27 types of thermistors appeared in each quadrant and the fifth replicate appeared in the same hole as one of the other four. Each row in each quadrant contained at least one bead replication and at least one disc replication. All in all, each level of every major factor appeared at least once at each level of evely minor factor. The thermistor placements for the 0 a nd 60 °e bat hs were permutations of the 30°C bath placements:
. . Two therm istors were placed in each hole. The ce nt er of the bath was avoided because of a cold zone.
A detailed distribution for the 30°C bath is give n in fi gure 4. Each of the thermistors in fi gure 4 is coded according to its manufacturer, whether it is a bead or a disc, a nd its resistance value at 25 0c. The first number denotes one of th e six manufac turers. The letter stands for bead (B) or disc (D). The last number gives the resistance of the thermi stor at 25°C in thousand s of ohms. For example, th ermi stor 4B30 is a 30 kG bead th ermistor from manufacturer 4 a nd 3 DlO is a 10 kG disc thermistor from manufacturer 3 .
Using these designs, we were able to extrac t information about any effect that position in the bath might have and, more importantly, we were able to estimate the effect of each major factor unaffected by any of th e minor fa ctors.
Upo n the advice of the Statistical Engineering Laboratory of NBS , each set of measurements was started with a different th ermistor. Id eally, we would have measured the thermistors in random order within each set but time constraints made that impossible. The compromi se of starting each set with a different thermistor and then proceeding cyclically was adopted to eliminate any effect that time-of-day mi ght have. An attempt was made to eliminate the effect of measure ment sequence by randomizing the positions of the thermistors on th e ste pping switches within each resistance value for each of the three baths. 
Measurement Techniques
Each time a th e rmistor's res istan ce was measured, the bath tempe rature was record ed with th e PRT. There are two points of note associated with thi s proced ure. First, the PRT eleme nt was located in th e lowe r bac k corn er of the bath. This meant that it was much d eepe r in the bath fluid than were the thermistors, and, as a res ult, it was in thermal contact with fluid whi c h had recentl y passed over th e heating/cooling co il. The thermistors were immersed several centimeters into the fluid and were ex posed to it much later in the circulation pattern. The second point is that th e PRT sensor is much larger and responds more slowly (its time constant is 3 to 6 s) than the thermistors (whose time constan ts ran ge from subsecond to a few seconds) so a shortte rm average bath temperature was recorded. The tem perature differe nces res ulting from the placement of th e PRT re mained constant during the ex pe rime nt because ne ither th e relative place me nt of the thermistors and PRT nor the s tirring rate changed.
The measuring curre nt in th e PRT was 1 rnA. The th ermistor curre nt was 10 /-LA, a value chosen to make the effec ts of self-heating negligible. When th e the rmistors were not be ing measured, there was no CUITent flowing through them.
The PRT was read to ±2.5 X 10-5 ohm (±0.2S mK). The thermistors were generally read to parts in 10 5 (-1 mK).
This was the case for almost all of the thermistors in the 30 and 60°C baths and for most of the thermistors in the 0 °C bath.
Thermistor resistances were initially measured daily and then with exponentially decreasing frequency until monthly measureme nts were being take n (see fig. 5 ) . Measurements continued on a monthly basis for th e duration of the experiment. This proced ure enabled us to define with high resolution initial changes in th e th e rmi stors without havi ng to take large amounts of data wh en changes we re very small and quite linear. ..
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Discussion of Errors
The data for the PRTs at the triple-point-of-water are shown in figure 6 . The large scatter of the data is disappointing. A possible explanation is that the PRT elements were under increasing amounts of strain because of their constant vibration in the baths and because of mechanical strain involved in handling them during the triple-point-of-water measurements. Another explanation to partially account for this scatter is associated with the fact that the resistances of the PRTs approached their triple-point resistances, RIP' very slowly (about! h being required after insertion into the cell of the precooled thermometers). Thus, the measured value of RIP depended on how long the thermometer had been in the triple-point cell before measurements were taken. No explanation of this behavior was found. Two different standard resistors were used with the resistance bridge in making the triple-point-of-water measurements. The one used for most of the data was not thermostated but its resistance was checked against the 1 k!1 standard resistor every time it was used. In any case, one would not expect its variations to produce both positive and negative drifts of the PRT resistances in the triple-point cell.
'" E ". The two PRTs used at 0 and 60°C had stainless steel sheaths and their resistances drifted downward. The PRT used at 30°C had a glass sheath, was made by a different manufacturer, and its resistance increased in value. The difference in manufacturers is the only factor which we could correlate with such different drift behaviors.
Accuracy was not as important in this experiment as the precision of the measurements because it was the characterization of resistance changes that was of primary interest. Therefore, the potential problem of the PRT immersion relative to the thermistor immersion was of little consequence as long as the temperature gradients in the baths were constant. We have no reason to believe that the gradients were changing since the flow patterns were stable. Slowly varying sources of error were more important however. These include the drift of the PRT resistances at the triple-point-ofwater and the 0.001 percent change in the resistance of the 1 k!1 standard resistor. The PRT drifts had only a small effect because the total drift was only a few millikelvins over several hundred days. The change in the 1 k!1 standard resistor was small but we have no way of determining when or at what rate the change occurred. The size of the change (0.001 %) was determined by comparing the 1 k!1 standard resistor with two calibrated, temperature-controlled 100 !1 standard resistors which were calibrated in February 1977 by the Electrical Reference Standards Section at NBS.
Other errors arise from problems of a variable nature. These problems are associated with the PRT and thermistor resistance measurements, the effect of the water in the 0 °c bath, the changes in the two 100 !1 standards, and electrical noise picked up by the a.c. resistance bridge from the bath heaters. As mentioned above, the PRT resistances in the constant temperature baths were measured with a precision corresponding to ±0.25 mK. Conversion of the PRT resistance measurement to temperature involved both the PRT resistance at the triple-point-of-water and the resistance of one of the 100 !1 standard resistors. Both of these quantities varied by very small amounts but the variation in each nonetheless exceeded 0.5 mK over the total time of the study. The total measured variation of the 100 !1 standard resistor was less than 0.001% over a period of two years so the total error from this source amounts to ±0.25 mK. While neither of these problems of a variable nature was large in toto, they contributed significantly to the scatter seen in figure 15 , displayed later in section 5 of the text.
The electrical noise in the a.c. resistance bridge measurements reduced our ability to measure the bath temperature. The noise was equivalent to as much as ± 1 mK and was superimposed on oscillations of the bath temperature of ± 1 mK over a period of a minute. The resistance of the PRT was recorded only after the operator had watched a chart recorder tracing of the a.c. resistance bridge signal for a few minutes in order to "integrate" the noisy signal.
The errors which were variable in nature contributed most heavily to the scatter in the results shown in figures 15B and 15C. The data on thermistors held at 0 °C were subjected to two additional sources of error-the water in the bath and the use of the d. c. resistance bridge for measuring the resistances of the thermistors (as stated in section 2.2, the d.c. resistance bridge is not as accurate as the current comparator). On the other hand, none of the thermistor resistance measurements at 0 °c involved using a 100 !1 standard resistor.
Analysis of Data
The primary purpose of the analysis was to obtain a drift rate for each of the 405 thermistors (135 per bath) and then check for patterns in drift rate as a function of thermistor type, resistance, manufacturer, ageing temperature, and position in the bath. In the discussion which follows, we will describe the analysis of the data from the thermistors in the 30°C bath with the understanding that the data generated at o and 60°C were treated in the same manner. As mentioned above, each thermistor resistance measurement had associated with it a PRT measurement, the date, the measuring current through the thermistor, and the value of the standard resistor (or bridge range in the case of the direct-reading bridge). These were recorded in the data fil e . There was a total of over 60,000 measurements of thermistors and PRTs in the data file in addition to the auxiliary data.
Although the analysis was done with a computer, a large amount of work had to be done by treating the thermistors individually and making judgements about individual data points. Some thermistors were not analyzed because of problems that they developed during the measurements. Five thermistors which were maintained at 0 °C were eliminated because there were ten or more sets in which no data were obtained for them. It was decided that this left too many gaps in the data for these thermistors to be conside red. Twe ntythree thermistors (five at 60°C a nd 18 at 0 0c) physically failed during the study because of broke n lead wires near the thermistor or because of failure of th e oxide-silver-solder junction and so were not analyzed. Thu s, th e resultant number of thermistors analyzed for eac h ageing temperature was 112 thermistors at °c, 135 th ermistors a t 30°C, and 130 thermistors at 60 0c.
The computer program required that data for a given thermistor appear in each set. Conseq ue ntly, if there were no data for a thermis tor in a give n set, th e data which were used for that thermistor in that set were obtained from either the preceding or the succeeding set. Normall y, data from the preceding set we re chosen . Only a small amount of data was involved in augmenting the data fil e in this fas hion except for results obtained at 0 °c where, because of th e problems with the bath , several th ermistors could not always be measured and this resulte d in cons ide rable amo unts of mi ss ing data.
Following th e organization of the data fil e, the thermi stor resistance measurements we re converted to ohms either by multiplying th e m by the value of th e appropriate sta ndard resistor or by ave ragin g, depe ndin g on the measuring syste m used. Correcti ons were mad e for bath temperature flu c tu ations by th e following algorithm ; computation of a n ave rage bath te mperatu re over all days at a given temperature for each th ermistor; calculation of th e dev iati on from that te mperature for eac h day; conversion of the tempe rature deviation into a resis tance deviati on (using th e manufac ture r's temperature coeffici ent a where known); and correction of the measured resistance by that amo unt. Whe re a was not known, it was calculated from the relation a = -{3 / 'f'l.
The corrected th ermistor resistances were next graphed as a fun cti on of e lapsed number of days at te mpe rature. Outlying measurements could thus be easily detected a nd grossly outl ying points we re removed on th e basis of these graphs. This was ge nerally a straightforward procedure except for the thermi stors in the 0 °c bath whose results had considerable scatter. This made it difficult to differen ti a te outliers from valid data. Our criterion was th at the removal of a point should not change the " true" drift rate of the thermistor. This implied , for example, that data near the end-points of the graph were more likely to be re moved if they deviated significantly because th ey intrinsically carried greater weight in the usual least-squares fittin g procedure. Mid-points were not as likely to be removed unless they we re quite distinct from the bulk of the data. Figure 7 shows a typical example of the data points likely to be removed as outli ers. Table 5 gives the number of data points removed from the results for each tempe rature as a pe rcentage of the total number of points take n at th at temperature. Finally, certain sets were re moved because the data were ge nerally outlying for most of the thermistors, possibly because of a n initial release of strain . Data from elapsed days one and two were removed from th e 30 and 60°C data fil es for that reason. Da ta from elapsed days one, seven, and twenty-four were removed from the 0 °c data fil e because so few measureme nts were made on those days .
The drift rate calc ulated from the results is a leas t-squares estimate for th e slope in the linear fit of apparent temperature change as a fun c tion of elapsed days. Drift rates in ohms per day were calcula ted a nd then converted to millikelvins per day using the manufacturers' values for a.
The non-linear drift of the discs at 60°C was such that a linear fit of the data was not appropriate (see fig. 8 ). In fact, 
Typical lh.ermistor dala at 0 D C.
The open circles (0 ) are data po ints which were not included in the analys is becau se they were ou tliers. the data obeyed a n exponential relations hip . It was felt, however, that a linear fit of th e drift might be more useful th an an expon e ntial one, if the drift is easily predictable after a long time at a give n temperature. Therefore, a second drift was calc ulated for eac h th ermi stor from the data for sets 55-70 (elapsed days 174 to 554). Set 55 was the time at wh ich most of the discs had comple ted their rapid rise. Both groups of drift rates are presented in table 6. The final step in the a nalys is was to c heck for correlations between drift rate and construc ti on (bead or disc), res istance value, manufac turer, temperature, and bath position. 
Discussion of Results
Ageing
No correlation was found between thermistor drift rate and position in the bath except for a small dependency on bath row at 30°C. This was not apparent at 0 or 60 °C. Table 6 and figure 15 toge ther give a good picture of the behavior of th e thermistors at 0, 30, and 60°C. Table 6 gives an idea of how much each th ermistor changed during the course of the stud y and fi gure 15 shows how that c hange took place for most of the thermistors. Two features of table 6 should be noted . The first is the large difference between the over-all drift rates of the beads and of th e di scs. This can also be see n in fi gure 9. The second feature is th e close agreement of the drift rates within each group of fiv e discs. 
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Median drift rate versu.s ageing temperature. The bead s and discs have been separated for clarity. 0 = bead the rmi stor and 6. = di sc thennistor.
The information contained in table 6 is amplified in figures 9-14. Each point on th ese fi gures represents the median drift rate of the replicated thermistors in each bath. Points are de noted with e ither a 0 (for bead thermistors) or a /':, (for di scs). For better resolution of the discs, a median drift rate of -320 mK/100 days has been omitted from all the disc fi gures. This point was th e median of the four 302 the rmistors which we re held at 60°C. Figure 9 summarizes the effect of temperature on drift rate. The beads are virtually unaffected while two phe nomena occur for the di scs. The first is the tendency toward a large r magnitude of drift rate as the te mperature increases and the second is the increasing variability within the discs with increasing te mperature. Note also that the be ad drift rates are all very small.
The increasing variability in the discs drift rates and the large difference between the bead a nd disc drift rates i~ ge neral are more clearly seen in figures 10 and 11 (fig. 10 presents only beads and fi g. 11 presents only discs). Note th e different vertical scales for these two figures. The horizontal axes are resistance-temperature combinations, i. e., the four levels of resistance have been separated at each temperature. As noted in fi gure 9, there is virtually no temperature effec t on the beads. The most noteworthy point is th e large r variability among the 30 kD. beads at all three temperatures . 
Median drift rates of the discs versu.s resistance and tempera-
ture.
The four resistance \'alues have been separated at e ach te mperature .
The disc drift rates increased in magnitude very slightly between 0 and 30°C. At 60 °c, both the beads and discs changed much more noticeably (although the c hange in the bead drift rates was still small). Possible mec hanisms for this are discussed in section S.1.3.
Figures 12, 13, and 14 summarize the effect of resistance value. These three figures show median drift rate versus resistance value at the three temperatures. The left half of each figure shows the drift rates for the beads and the right half shows the drift rates for the discs. The primary question here is whether earlier conclusions regarding the magnitude and variability of the drift rates are true for all, or only some, resistance values. Close scrutiny of figures 12 (0 °C), 13 (30°C), and 14 (60 0c) supports our conclusion for all resistance values. The effect of the resistance value of a thermistor on its drift rate is small compared to whether it is a bead or disc and the temperature at which it is he ld. NOle that the res ista nce vaJucs are not in urde r but are arranged SO Ihal the beads and discs are segregated . 0 = bead and 6. = disc.
These same conclusions will be applicable to figure I S but in this figure, the focus wi ll be on behavior patte rns (such as th e linearity of th e drift) in stead of on numeri cal results .
Figure I S gives re presentative plots of th ermi stor resistance versus time at te mperature for eac h of th e 27 types of th ermistors at each of the three tempera tures. Plots for all th e th ermistors we re examined and a th e rmis tor whi ch was represe ntative of its type at a give n te mpe ra ture was selected for inclusion in fi gure I S. For most cases, th e ge neral behavior (c hange in res istance with time) of th e selected thermistor is quite represe ntative of its repli cates at the same te mpe rature. Although all of the re pli cates changed qualitatively with the sam e patte rn , th ey c hanged by differe nt amounts. For example, in figure lSAs th e tolal change is -92 mK but the othe r four re plicates cha nged by -16, -216, -32, a nd -96 mK. Looking at the gra phs , one co uld image th e same set of points with fiv e differe nt scales on th e vertical axi s. An indi cation of th e variation within each type of thermistol· at each te mpe rature may be seen in the drift rates given in table 6.
For many of the 27 types of thermistors, th ere we re individuals within the group of replicates which did not follow the general behavior pattern. For these cases , marked with an asterisk , the behavior shown in figure 15 is c haracteristi c of the majority of the replicates. The re were a fe w types of thermistors for which no single thermistor was typical. In these cases, no graph appe ars in figure I S.
Perhaps the two most striking pieces of information in figure IS are (1) the very small drift of the beads and (2) the initial rapid decrease in apparent te mperature for th e discs. The discs did not decrease s harpl y initially at 30°C but th e pattern at 60 °C was partic ularly pronounced.
In figure 15 A, the degradation of th e bath's performance and the polarization problem are obviou s. There is a slight gap in each graph at elapsed day 232 whe n the data collection was interrupted for two months. ...............   I ..-. . . failed during the test, and no single plot could characterize the 4B2, 3B30, or 6B30 thermis tors. The bead thermistors ( fig. 15Aa-15Aj ) exhibit essentially no drift in indicated temperature with time. There is little correlation between drift rate and resistance value but, as seen in figure 10 , the 30 kfi beads had slightly larger drift rates than any of the others. Because the beads had such small drift rates, it is difficult to see any correlation be tween drift rate and manufacturer.
The discs show definite negative drift rates with some indication of exponential behavior. The initial rapid decrease in indicated temperature lasted from 200 to 500 days depe nding on the particular type of disc. The 1 and 5 kfi discs are unusual in that they show none of the exponential behavior.
The re is little correlation between manufacturer and drift rate except that the discs from manufacturer 6 had slightly larger drift rates than the di scs of the same resis tance value from the other manufacturers .
For both beads and discs, the effect of the accumulated water in the bath was oft en noticeable but not predictable. A few of the thermistors stabilized when the water was removed (e .g. , 5B30, fig. 15Aj ). More often, the thermistor was less stable after the re moval of the water (e.g., 4D5, fig. 15Ap ) . Most of the drift rates were not affected by the removal of the water.
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Thermistors Aged at 30°C
As shown in figure 15B , the thermistors held at 30°C
behaved much like those he ld at 0 and 60 0c. At 30°C, the beads had very small drift rates, and the discs had larger negative drift rates and showed a tende ncy toward the expone ntial behavior seen at 60 DC.
Some of the beads showed the small initial .
.
Increase
In apparent te mperature whic h was also ev iden t in the beads held at 60°C. The increases were smaller, however, th an th ey were for the corresponding beads held at 60 DC. This pattern did not appear in th e beads held at 0 0c. The drift rates could not be correla ted with resis tance value . There was even less difference among the beads from differe nt manufacturers at 30°C tha n th ere had been at 0 °c but this may be due to the problems encountered with the measurements of the thermistors in th e 0 °c bath.
The discs generally behaved at 30°C as did those held at o and 60°C with the exception of the 2DlO discs ( figure  15Bx ). The drifts of the di scs held at 30°C were the most linear of the disc drifts in the study and th e drift rates generally fell be tween those of the corresponding di scs held at 0 and 60°C.
There is more differentiation among man ufac turers in th e discs held at 30 °C th an there was among those held a t 0 0c.
The median drift rates for all the discs from man ufac turers 2 were th e s mallest of all th e discs at 30°C. The discs from manufac turer 5 and 6 also had uniformly small med ian drift rates. The median drift rates for the discs from manufac turers 2 and 6 were s maller th a n th ey were at 0 °C , co ntrary to th e ge neral trend of th e data.
The 3 D2 series of di scs (fi gure 15Bg) had the la rges t drift rates of all the thermi stors at 30 and 60°C a nd the greates t likelihood of physical failure. The 3D2 discs we re th e smallest di scs in the stud y and so were more susceptible to problems at the silver-solder interface. Twe nty-six of the 27 thermistor types held at 60 °c are shown in figure 15C . There was no single plot c haracteri sti c of th e 582 thermistors so none is given. The thermistors held at 60°C showed the largest effects of ageing. This is not surprising because any mechanism involving the motion of charge carriers in the thermi stor, strai n relaxation, or migration of ions in th e lead contacts would be expec ted to proceed faster at a higher te mperature. The general behavior of th e beads at 60 °c was th e same as it was at 0 and 30°C.
The beads, with the exception of 6830 ( fig. 15C1 ) had small positive drift rates or th ey had no observable drift. There was a small initial rise in indicated tem perature for th e first 100-150 days followed by a slower rise for th e remainder of the stud y. There was no significant difference among beads from different manufacture l·s.
The discs showed a large initial decrease in indicated temperature followed by a more gradual decrease. fig. 15Cp ). The drift rates a t 60°C were ge ne rall y larger than those at 0 and 30 °c eve n when the first 54 sets of data were eliminated from th e 60°C data fil e. Except for the 302 group, the ave rage drift rates were similar for all the disc res istance values. The results at 60 °c, as in the 30°C data, show differe nces in drift rates between discs of the same resista nce value from different manufacturers which are much larger than the range of drift rates for eac h group of repli cates (i.e . , th ermistors with the same resistance value and manufac turer) in table 6. Overall, the discs from manufacturer 5 had the smallest average drift rates. The drift rates of the discs from manufacturers 2 and 4 were s imilar but were slightly larger than those of the discs from manufacturer 5. The discs from manufacture r 6 had drift rates somewhat larger than those from manufacturers 2, 4, and 5, and the discs from manufacturer 3 had the poorest performance (because of the 3 D2 group). The thermistors at 60°C were the only ones to show a ny dramati c age ing effects. This was not surprising in view of the reasons given above. The difference in behav ior between the beads a nd discs was notice able regardless of the bath . . . .
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. . . te mperature. The tempe rature d rift of th e beads was small, positive and linear with time a nd showed very little indicatio n of exponenti al behavior while th at of the discs was negative a nd expone ntial. There are two possible reasons for these different behaviors. Firstly, the beads are aged during manufacture at much higher te mperatures than the discs, which are limited to 150°C. This should lead to greater relaxation of manufacture strains in the bead s before our age ing experiment began. Secondly, the different construction techniques used for beads and discs probably introduce different amounts of strain. On the basis of our data, one might judge that only minor strains are induced in the beads by the glass coating or by any change in lead wire dia meter due to thermal expansion or contraction. The increasi ng resistance of the discs may be due to migration of the s ilver into the solder and the resulting increase in contact resistance between the leads and the thermis tor [8] . Wo rk has been reported on the diffusion of silver in tin and lead [9, 10, 11 . .
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• "1. '" low solubility in tin and lead (0.01 to 0.1%) but it has very high diffusion rates in those two metals, much higher than for self diffusion (10-24 cm 2 sec-I at 150°C) [9, 10, 12] . At 150 °e, the diffusivity of silver in tin is 10-10 cm 2 sec -I along the a-axis and 10-8 cm 2 sec-I along the c-axis [9] . The diffusivity of silver in lead is 10-6 cm 2 sec-I [10) . Silver diffuses through tin and lead lattices interstitially [13] .
Milgram's work on solder and screen-printed silver films indicates that tin diffuses through silver along grain boundaries and through pores [14] . While these results imply an uncertainty as to which component of th e silver-solder interface is diffusing, it is clear that fairly rapid diffusion can take place. We have not investigated this proble m but several thermistor manufacturers have confirmed that the s!lver-solder interface is affected over long times by diffusIOn. Thermi"tors are sensitive to oxidation and this could be a source of trouble for discs. Only those discs from manufacturer 2 were encapsulated in an epoxy. It should be note d, however, that although these discs were very stable so we re those from manufacturer 5 which were not encapsulated. 55' TIME AT TEMPERATURE, DAYS TIME AT TEMPERATURE. DAYS FIGURE 15C-3
Reliability
The data concerning the reliability of the thermistors are much more qualitative than are the data about drift rates. Most of the results were obtained by visual inspection of the graphs of res istance versus time. The thermistors at 30 °e had all stabilized (i. e., were drifting linearly) after two months at temperature and those in the 60 °e bath had firml y established their behavior patterns after three months.
Many of th e thermistors at 0 °e had well-established resistance-time relationships by elapsed day 100. The water and "corrosion" problems in the bath affected the behavior patterns between days 232 and 294. Changes in be havior during those 62 days cannot be separated from th e effects of accumulated water and particles and th e effects of cleaning th e thermistors.
With the exception of the 3D2 and 3D5 th ermistors, whi c h tend e d to fail at the oxide-silver-solder inte rface, the thermistors proved to be mechanically sturd y.
. Conclusions
It would appear from table 6 that eac h manufacturer is producing very uniform lots of thermistors for a give n resistance value. This was especiall y ev ide nt at 30 and 60°C where the groups of replicates had very similar drift rates . This raises the possibility of selectively testing th e rmistors instead of testing the entire lot in ques tion. Of course, there is always the possibility of an outlier but we found only ten in th e 377 thermistors which we re evaluated .
It is clear from the data that th ermistors to be used in accurate work where drift cannot be tolerated mus t be aged by either the user or the manufacturer. This is especially true of discs. The rmistors receive some age ing at a high temperature as part of the normal manufacturing process, but accurate work may req uire additional ageing for as long as several months .
In light of the small drift rates exhibited by th e bead s, il seems appropriate to revi e w the advantages of beads and discs. Beads may be mad e small in size, they respond rapidly to temperature changes, and Ihey can be stable (a very important feature). They cannot easily be mad e interchangeable, however, without using s pec ial selection techniques and the bead-in-glass probes have a relatively large mass of glass. Some manufac turers have reduced th e effect of the glass by placing the bead in the extreme tip of th e glass sleeve. The so-called "bare" beads are fragile. These beads are coated with a very thin laye r of glass wh ich is mu ch more subject to c rac king than the glass sleeve on th e models we evaluated .
The discs are usually larger than the beads and therefore respond more slowly to temperature changes . The flat silvered faces of the discs may provide good thermal contact, however. The discs can , in gene ral , dissipate more heat than the beads before self-healing becomes a problem. Finally, discs may be made interchangeable by the manufacturer b y slightly c hanging the shape of the discs to alter their resistance.
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